and hydrogen enriched ethanol and gasoline [8] [9] . Researchers also investigated the effects of apex 41 seals on the performance of the Wankel engine [10] [11] , whereas others studied the side ports, a micro rotary 42 internal combustion engine [12, 13] and design of the Wankel engine [14] . Wankel engines have also been 43 investigated as part of automotive hybrid systems using electric motor and a Wankel engine as a range extender
44
[15 -17] . Furthermore, some studies used the Wankel geometry as a compressor [18] [19] and as a pump [20] .
[ 
70
The use of the Wankel expander for portable power applications was studied to show the ability of 71 producing electrical power in the order of milliwatts, with an energy density better than batteries [28] . It used a 72 set of intake/exhaust ports to supply the gas from a gas compressor which then expanded in the expander 73 chambers providing a driving pressure to rotate the rotor. In this design the electrical generator was integrated
74
with the rotor to save space and remove the need for an extended crankshaft. 
Wankel expander geometry

84
The Wankel expander consists of the housing and two moving parts, the rotor and the eccentric output 
93
The rotor has two simple motions, translation of the rotor centre along the eccentric shaft radius e and 94 rotating around its own centre. The rotor rotates one revolution around its centre whilst the shaft completes three 95 revolutions around the eccentric circle.
96
The parametric equations of the housing are given as: 
118
Creation of the rotor and housing geometry was carried out in Solidworks 2015 [31] using an Excel file 119 (2010) [32] with a set of x, y coordinates of both the rotor and housing as detailed in (equations 1-4). These coordinates were then copied into two separate text files (one for the housing and one for the rotor). Once the points were imported as curves in SOLIDWORKS, the shapes could be extruded to create the 3D Wankel geometry. Before the geometry was imported to ANSYS Workbench 16.2, ports and seals were created in order 123 to generate the overall geometry and produce the mesh for the CFD. Tetrahedrons mesh type was used for the 124 3D Wankel geometry and the effect of mesh size on accuracy (i.e. grid independency) was studied. Grid independency study showed that the solution will be stable and the results not dependent on the number of grid 126 therefore the number of elements of 150000 was used as shown in Fig. 3 . While Fig. 4 illustrates the mesh types used in the Wankel expander simulation. 
Momentum equation:
Energy equation:
where ( ⃗) is the stress tensor while and S T represent the momentum and temperature source terms 152 respectively.
153
Turbulence model RNG k-ε equation:  Retrieve the x and y distance of the selected node from housing centre (O).
196
 Find beta angle using e, r and (x 2 +y 2 ).
197
 Find angle alpha.
 Using alpha, determine which quadrant of the housing the node is located in.
199
 Depending on the quadrant, solve one of the four equations for theta.
200
 From rotation speed and time step find, find new theta, to match speed of apexes.
201
 Use new theta with (equations 1-2) to find the new x and y coordinates of the node.
202
 Repeat steps 1-7 for all nodes on the housing wall. 
217
The isentropic efficiency can be calculated by: ports move over the edge of the housing boundary. This could cause other problems in a real expander's without crossing the housing wall boundary.
Fig. 11. Power output with increasing port diameter and spacing
260
The results in Fig. 12 show the power output for the geometry dimensions (e = 6.6mm, r = 48mm, b =32 261 mm) and operating parameters of inlet pressure 3 bar, inlet temperature 400 K and output shaft speed (7500 262 rpm). It can be observed that the 'leader' shape ports in the wider positions produce the largest power output.
263
The 8 port configuration is 4 ports on either side of the housing. 
267
CFD results showed that increasing the spacing between the ports leads to increasing the power output to 268 reach a maximum of 1.8 kW at spacing of 50 mm. As for port diameter, increasing the port diameter will 269 increase the power output to reach a maximum of 2.5 kW at port diameter of 30 mm. However the 20 mm port 270 diameter with 2 kW power output would be the largest practical size for this geometry.
271
The effect of expander thickness has been investigated for the cases with the rotor radius 48 mm and 272 eccentricity 6.6 mm of (32, 48 & 64) mm. 
TWO-STAGEWANKLE EXPANDER
297
A number of two-stage Wankel expander configurations were investigated to achieve the highest power Single-stage (f) (r=48, e=6.6, b=32) mm, (g) (r=58, e=5, b=40) mm. 
